High-intensity focused ultrasound (HIFU) is a medical procedure to locally heat and ablate malignant tumors. Characterization of the HIFU beam location during the ablation procedures is critical for both accurate prediction of induced hyperthermia and development of regulatory standards for clinical devices. An accurate beam location and the orientation of the transducer with respect to the tumors are essential for precise ablation. A small change in the radial location or tilt in the application of the HIFU can lead to ablation of healthy tissue and result in grave injury. In in vitro systems, difficulties arise in perfectly aligning the phantom with the transducer and small tilt angles cannot be completely avoided. Traditional methods of finding the focus location by ablating on the thermocouples (TCs) involve artifacts and can result in positioning errors.
Background
High-intensity focused ultrasound (HIFU) is a medical procedure to locally heat and ablate malignant tumors. Characterization of the HIFU beam location during the ablation procedures is critical for both accurate prediction of induced hyperthermia and development of regulatory standards for clinical devices. An accurate beam location and the orientation of the transducer with respect to the tumors are essential for precise ablation. A small change in the radial location or tilt in the application of the HIFU can lead to ablation of healthy tissue and result in grave injury. In in vitro systems, difficulties arise in perfectly aligning the phantom with the transducer and small tilt angles cannot be completely avoided. Traditional methods of finding the focus location by ablating on the thermocouples (TCs) involve artifacts and can result in positioning errors.
In vitro experiments on tissue mimicking material (TMM) with embedded TCs can be used as a preclinical method to characterize the HIFU beam and the corresponding thermal field. The preclinical testing is necessary to determine the amount of lesion and avoid any collateral damage to healthy tissues during HIFU in clinical settings. However, several sources of error arise when focusing the beam on the TC junction and measuring the focal temperature. Viscous-heating artifact is one such source of error associated with direct sonication of the TC junctions [1] . Positioning error is another source of inaccuracy in measuring the focal temperature by locating the beam atop TC junction [2] . Thus, a localization method was developed [3] to find the radial location of HIFU beam as well as focal temperature with minimized error (artifact) using remote TC measurements. However, determination of the tilt (h) between the transducer and phantom has not been accounted for in our prior studies [3] .
In this research, a method to determine the focal position of HIFU beam in cylindrical coordinates (r, h, z) is determined. Such determination has not been done before. Sonications were performed on a phantom containing TMM at five predetermined (prescribed) distances along a line perpendicular to the axis of the phantom. Focus location (r, h, z) is calculated using an inverse algorithm [3] using these five sonications which were conducted away from the TCs.
Methods
A cylindrical fixture with an inner diameter of 8 cm was developed. The fixture was embedded with an array of eight thin-wire (Chromega-Constantine) TCs, labeled T1-T8, with a diameter of 0.003 in., arranged in four separate layers ( Fig. 1) . A gelrite-based TMM was prepared according to the protocol of King et al. [4] and poured into the fixture. The sonication was performed using an H101 transducer (Sonic Concepts, Bothell, WA) with an operating frequency of 3.3 MHz having a diameter and focal length of 6.4 cm and 6.26 cm, respectively. A positioning system capable of adjusting any of the coordinates in discrete 0.025 mm increments was used to move the transducer. The transducer was activated in continuous-wave mode for a period of 30 s. The temperature on the full array was recorded using an OMB-DAQ-56 (Omega Engineering, Inc., Stamford, CT) data-acquisition system (Fig. 2 ) for the 30 s heating period, as well as 20 s of cooling period for a 20 W acoustic power.
Direct determination of the exact position of the beam in relation to the cylindrical coordinates (r, h, z) is cumbersome. In order to get the angular orientation (tilt) of the transducer with respect to the phantom, sonications were performed at five different locations along a line in x direction as shown in Fig. 3 . Precise positioning of the beam location on a TC is challenging due to the presence of artifacts and a smaller beam size. Hence, measurements of beam location were made relative to an initial sonication location rather than at a TC location. Initial sonication was performed between T3 and T4 (L0). All the beam positions for subsequent sonications were measured relative to this initial location along the x-axis. Four additional sonications were executed (Fig. 3) , at locations À0.25 mm (L1), þ0.5 mm (L2), À0.75 mm (L3), and þ1.0 mm (L4) along the x-axis of the positioning system. An inverse algorithm developed by Hariharan et al. [3] was employed to determine the radial position (r) of the beam focus within the TC array. In this method, temperature rise in the phantom is calculated numerically based on an initial assumption for the beam location. The optimization error metric between the experimentally measured temperature (T exp ) and the computed temperature (T num ) corresponding to the assumed beam location was calculated. The optimization algorithm refined the beam location by minimizing the error using the Nelder-Mead scheme. Using this inverse algorithm, a beam radial location (r) (derived location-L0 0 , L1 0 , L2 0 , L3 0 , and L4 0 ) was calculated and compared with the expected focal locations measured by the positioning system (prescribed locations-L0, L1, L2, L3, and L4) for all the five locations to determine the tilt. Figure 4 shows the beam locations in relation to the radial distance obtained for the five locations along the x-axis. The derived locations were plotted against the prescribed locations to determine the tilt. Here, the prescribed (L0) and derived (L0 0 ) are assumed to be at the same location to determine the relative position of other locations. For the acoustic power of 20 W, the average variation of the radial location (r) from the prescribed distances was less than 0.1 mm.
Results
The slope of the line fit obtained for the derived locations in Fig. 4 was used to calculate the angle between the line joining the prescribed locations and the line joining the derived locations. L0 is taken as the center or origin to calculate the angle between the two lines (prescribed and derived). As it can be observed from Fig. 3 , the angle between the line along which the sonications were conducted (prescribed location) and the regression line joining the derived locations (tilted in z-direction) is the same as the angle between the phantom and the transducer. The calculated tilt was found to be $5 deg. Focus location along the axial direction (z) is calculated using the inverse algorithm which is free of TC-related artifacts. The location of the focus (z) in relation to T1-T2 layer was found to be 1 mm away toward the T3-T4 layer.
Interpretation
The exact location of the focus and the orientation of the transducer with respect to the tumor or tissue that is being ablated are very critical as errors in location can result in damage to the healthy tissue. Accuracy of targeting location is also important in preclinical testing for successful development of the HIFU method for tumor ablation. Even small tilt angles between the transducer and phantom can result in shift in the area of ablation.
This study shows a method to characterize the location of the focus with respect to the transducer. An inverse algorithm was used to find the beam location within the tissue phantom while the derived location was not affected by TC artifact. In addition, the method described here to determine the tilt helps in better locating the focus and, in turn, helps in ablating the tumors with improved accuracy. Small tilt angles ($5 deg), which cannot be identified by bare eyes, can be determined; consequently, the measured tilt can be incorporated into calculating the actual area of ablation. 
